


ABSTRACT 

c 

This paper presents a 12-degree-of -freedom 
FORTRAN IV digital computer program to determine 
the nonlinear motion of two rigid bodies connected by 
massless cables and subject to external disturbances. 
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A FORTRAN IV PROGRAM FOR PREDICTING THE UNCONTROLLED 

DYNAMIC RESPONSE CHARACTERISTICS OF A SPINNING, 

CABLE-CONNECTED, TWO-BODY SPACE STATION 

By William E. Thomas, Jr. 
Manned Spacecraft Center 

SUMMARY 

This paper presents a 12-degree-of -freedom digital computer program for deter- 
mining the nonlinear motion of two rigid bodies connected by massless cables and sub- 
jected to time-dependent external sinusoidal forces and torques. The equations used in 
the program and a sample problem are included. 

INTRODUCTION 

Long-duration space missions may tax the ability of man to withstand long periods 
of weightlessness. Some uncertainty is presently associated with this ability. Because 
of this uncertainty, the study of techniques to provide an artificial gravity environment 
is very desirable. One of the most attractive means of achieving a high ratio of artifi- 
cial gravity to spin velocity (equivalent to that of a large diameter space station) is to 
separate the manned vehicle from its adjacent booster stage by means of flexible cables 
and to spin the two bodies about their composite mass center. The problem of deter- 
mining the dynamic response characteristics of this type of configuration is dealt with 
in this paper by means of a 12-degree-of-freedom digital computer program. 

The disturbances presently allowed for in the program include time-dependent 
external sinusoidal forces and torques on both bodies. These disturbances can be used 
to determine the general dynamic characteristics of a given configuration and to deter- 
mine the effect on these characteristics of altering body and cable parameters and/or 
cable configurations. The equations defining these external disturbances are pro- 
gramed in an external force subroutine distinct from the rest of the program (appen- 
dix A). Equations representing other external disturbances (gravity gradient torques, 
reaction control system jets, associated control equations, et cetera) may be included 
in the program by replacing and/or adding the appropriate punched cards in the force 
subroutine. Perturbations resulting from .internal mass shifts and fixed internal rotat- 
ing masses may be included in the program by adding the appropriate terms to Euler’s 
dynamical equations. Instantaneous cable length and forces are  calculated in a subrou- 
tine which represents cable free length as a constant. This subroutine may be easily 



the program. 

SYMBOLS 

A2 

AA, BB 

A F  AF A F  x,n’ y,n’ z,n 

instantaneous angular velocity of body 2 about 
c. g. deg/sec comp’ 

defined by equations (18) and (19) 

components of amplitude of the impressed force acting 
on body n along in-, jn-, and k -ais, respec- 
tively, lb (n = 1, 2) 

n 

modified to study vehicle motion during cable extension or retraction by simply repre- 
senting cable free length as an arbitrary function of time and/or any of the dependent 
variables in the program. Appendix B provides data on the general input and output of 

A‘x, n’ AGy, n’ AGz, n 

n CD 

CG CG CG x,n’ y,n’ z ,n  

CG CG CG x’, n’ y’, n’ z’, n 

cKn 

2 

components of amplitude of the impressed torque acting 
on body n about ik-, jk-, and kT -axis, respec- 
tively, in-lb (n = 1, 2) 

n 

components of translational velocity of c. g, relative 2 - -  - -  
to c.g. directed parallel to the XY’ plane and 
perpendicular to the plane of 8 RB, directed radially 
outward from c. g. camp, and directed perpendicular 
to b and in the plane of ORB, in/sec 

comp’ 

equivalent viscous damping coefficient for cablen, 
lb-sec/in. (n = 2, . . . , N + 1) 

components of torque acting through c. g. about in-, 

jn-? and kn-axis, respectively, because of N cables, 
in-lb (n = 1, 2) 

components of torque acting through c. g. about ii-, 
ji- ,  and kh.-axis, respectively, because of N cables, 
in-lb (n = 1, 2) 

spring constant of cable lb/in. (n = 2, . . . , N + 1) n’ 



unstretched length of cablen, in. (n = 2, . . . , N + 1) n CL 

‘f, max 

cablen 

* e. g. comp 

c. g. n 6% 

a D 

FDn 

FK n 

c, max F 

F F x,n’ y,n’ z,n F 

number of the highest stressed cable 

cable connected to points P and P (n = 2, . . . , 
1, n 2, n 

N + 1) 

center of gravity of composite configuration 

center of gravity of body n (n = 1, 2) 

vector sum of a and c, in/sec 

total damping force in cable lb (n = 2, . . . , N + 1) n’ 

total spring force in cablen, lb (n = 2, . , . , N + 1) 

force on the highest stressed cable, lb 

components of impressed force acting on body n along 
in-, jn-, and kn-axis, respectively, lb (n = 1, 2) 

C F  C components of force (because of cablen) acting on body 1 Fx, lcn9 Fy, 1 n’ z, 1 n 
parallel to il-, jl- ,  and kl-axis, respectively, lb 
( n = 2 ,  ..., N + 1 )  

C F  C F  C components of force (because of cablen) acting on body 2 Fx, 2 n’ y, 2 n’ z, 2 n 
parallel to i2-, j2-, and k2-axis, respectively, lb 
( n = 2 ,  ..., N + 1 )  

G G G  components of impressed torque acting on body n about 
ih-, jk-, and kh-axis, respectively, in-lb (n = 1, 2) 

d. 

x,n’ y, n’ z,n 

G G G components of torque acting through c .  g. about il-, x, 1, n’ y, 1, n’ z, 1, n 
1 jl-,  and k 1 -axis, respectively, because of cable,, 

in-lb (n = 2, . . . , N + 1) 

G G G components of torque acting through c. g. about i2-, x, 2, n’ y, 2, n’ z, 2, n 
j 2-, and k2-axis, respectively, because of cable,, 
in-lb (n = 2, . . ., N + 1) 
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I I if, n’ j f ,  n’ kf,  n I 

iRB7 ’RB’ kRB 

i , j  , k  n n  n 

i’ , j f  , kh n n  

i ,T9E n n n  
- 

- - -  
if , j ’ , k’ n n n  

n KK , z z  n 

n M 

N 

P ’1, n? 2, n 

’1, nP2, n 

TF TF TF x,n’ y,n’ z,n 

TG TG TG x,n’ y,n’ z,n 

t 

4 

body n moments of inertia about it - n ?  jk-, and 
2 k’ -axis, respectively, lb-sec -in. (n = 1, 2) n 

orthogonal pseudorigid body axes fixed at c. g. camp 

arbitrary orthogonal axes body fixed at c. g. (n = 1, 2) 

principal axes of inertia for body n (n = 1, 2) 

unit vectors directed parallel to and in the positive 
direction of the in-, jn-, and k -axis, respectively 
(n = 1, 2) 

n 

unit vectors directed parallel to and in the positive 
direction of the ii-, jn ’ -, and kfi-axis, respectively 
(n = 1, 2) 

. 
functions defined by equations (13) and (14), (n = 1, 2) 

matrix of direction cosines for transforming vector 
components from the principal body axes of body n 
to the arbitrary body axes of body n (n = 1, 2) 

2 mass of body n, lb-sec /in. (n = 1, 2) 

number of cables 

points on bodies 1 and 2, respectively, for which rela- 
tive displacement vectors are determined (n = 1, 2, . . . , N + 1) (cable attachment points for n = 2, . . . , 
N + 1) 

magnitude of relative displacement vector from 
in. ( n = l ,  2, ..., N + 1 )  

to p2, n’ Point 

components of total force acting on body n along in-, 

-, and kn-axis, respectively, lb (n = 1, 2) jn 

components of total moment acting through c. g. about 
ii-, j l - ,  and ki-axis, respectively, in-lb (n = 1, 2) 

time, see 

5 

x 

CI 

a 



UV’ , v; , WV’ n n 

- - - 
Y Z x ~ ,  1,n’ P, 1,n7 P, 1,n 

d 

w - - - 
Y z x ~ ,  2, n’ P, 2, n7 P, 2, n 

xc. g. yc. g. zc. g. 

- - - 
- 2 1  

- - x ,Y’ c.g. c.g.’ c.g. 

CY 
> 

CY 1, n9 2, n7 ‘3, n CY 

components of translational velocity vector of c .  g. n 
along i - n ’  
(n = 1, 2) 

jn-, and kn-axis, respectively, in/sec 

components of relative displacement vector from 
point P to point P parallel to il-, jl- ,  and 
k -axis, respectively, in. (n = 1, 2, . . . , N + 1) 

1,n 27 n 
1 

1 
along il-,- jl- ,  and kl-axis, respectively, 

components of relative displacement vector from c. g. 
to P 

1, n 
in. (n = 1, 2, ..., N + 1) 

2 
to P along i2-, j2-, and k2-axis, respectively, 
in. (n = 1, 2, . . . , N + 1) 

components of relative displacement vector from c. g. 

2,n 

inertially fixed orthogonal axes 

- - 
orthogonal axes parallel with z-, Y-, and z-axis, 

respectively, with origin at c .  g. 
I _  comp 

components of c. g. camp displacement vector along 
- - - - 

X-, Y-, and z-axis, respectively, in. 

components of relative displacement vector from 
= 

to c.g.‘ along 3-, Y1-, and F-axis ,  1 c. g. 
respectively, in. 

comp 

components of c. g. displacement vector along F-, n 
- - - 
Y-, and z-axis, respectively, in. 

spin-plane pointing error, deg 

functions defined by equations (37), (38), and (39) 
( n = 1 ,  2, ..., N + 1 )  

general coordinate transformation matrix, defined by 
equation (1) 

5 



P R I  

52 5 2 5 2  x,n’ y,n’ z,n 

4-2 iP a x,n’ y,n9 z,n 

52 52 x, 1L’ y, 1L’ %, 1L 

6 

orthogonal transformation matrix for transforming 
vector components from the arbitrary body axes of 
body 1 to the arbitrary body axes of body 2 

or  tho gonal transformation matrix for transforming 
vector components from the inertially fixed axis 
system to the arbitrary body axes of body n (n = 1, 2) 

orthogonal transformation matrix for transforming 
vector components from the inertially fixed axis 
system to the pseudorigid body axis system 

b 
orthogonal transformation matrix for transforming 

vector components from the pseudorigid body axis 
system to the arbitrary body axes of body n (n = 1, 2) 4 

*e 

angle between a and D, deg 

general Euler angles 

Euler angles defining angular orientation of arbitrary 
body-fixed axes i2, j,, and k2 with respect to 
arbitrary body-fixed axes il, j,, and kl, deg 

Euler angles defining angular orientation of pseudorigid 
and kRB with respect to axes ~ R B ,  body axes iRB, 

X’, Y”, and z, deg 
- -  - 

Euler angles defining angular orientation of arbitrary 
body-fixed axes in, jn, and kn with respect to 

inertially fixed axes 3, Y ,  and z, deg (n = 1, 2) 
- 

Euler angles defining angular orientation of arbitrary 
body-fixed axes in, jn, and kn with respect to 
pseudorigid body axes iRB, j,,, and kRB, deg 
(n = 1, 2) 

body n angular velocity components about in-, jn-, 

and kn-axis, respectively, deg/sec (n = 1, 2) 

body n angular velocity components about ih-, jh-, 
and kb-axis, respectively, deg/sec (n = 1, 2) 

functions defined by equation (33) 

I 

1 



L 

Subscripts: 

m 

P 

frequency of the impressed force acting on body n, 
rad/sec'(n = 1, 2) 

frequency of the impressed torque acting on body n, 
rad/sec (n = 1, 2) 

defines matrix row 

defines matrix column 

A dot over a symbol indicates differentiation with respect to t. 

ANALYSIS 

Axes Systems and General Vehicle Orientation 

The general body orientation of the spacecraft is shown in figure 1. Each body 
has two body-fixed orthogonal axes systems having origins at the body center of gravity. 
One of the systems must be coincident with the body principal axes. The rotational 
equations of motion for each body are written with respect to this system and thus will 
reduce to Euler's dynamical equations. Angular orientation of the other axes system 
within the body is completely arbitrary; however, the system is usually located coin- 
cident with geometrically symmetric axes, if such axes exist. This arbitrary system 
is angularly located in an inertial frame by a set of Euler angles defined in figure 2. 
The translational equations of motion for each body are written with respect to this 
arbitrary system. The arbitrary systems in the two bodies are angularly related to 
each other by a set of relative Euler angles which reduce to pitch, yaw, and roll for 
small angles (fig. 3) .  The two axes systems within a given body are related by a set 
of direction cosines. 

Composite body motion is broken up into pseudorigid body motion and flexible 
body motion. The pseudorigid body is defined as a straight line connecting the two body 
centers of gravity. This pseudorigid body has a body-fixed orthogonal axes system with 
its origin at the composite center of gravity. An auxiliary set of reference axes 2, 
Y', and zv (parallel to the fixed inertial axes and located at the composite center of 
gravity) is used to angularly orient the pseudorigid body in inertial space. Pseudorigid 
body orientation is shown in figure 4. Note that the iRB axis is coincident with the 

- - 

pseudorigid body and directed toward body 2 and that the j,, axis is restricted to the 
5== 

X'Y' plane (a line can have no roll displacement). The angles qRB and ORB define 

pseudorigid body inertial angular response, and the coordinates ?f , Y , and 

Z 

- - 
c. g. c. g. 

- - 
define pseudorigid body inertial translational response. The flexible cables c. g. 

7 



connecting the two bodies will superimpose structural oscillations on the pseudorigid 
body motion. The structural response of each body is measured by a set of Euler an- 
gles relating the respective arbitrary body axes to the pseudorigid body axes (fig. 5) 
and by monitoring the instantaneous length of the pseudorigid body P1, 1P2, 1. The 
program will also calculate the instantaneous angular velocity of body 2 about the com- 
posite center of gravity (fig. 6). 

A number of coordinate transformations are required by the program. To sim- 
plify the description of many of these transformations, the following general matrix 
will be required. - 

c r3 1 r32 

B 

sin ~p COS e 

COS (p COS e 1 I: 
cos 0 sin q 

cos Q, cos + + 
sin Cp sin 8 sin t,b 

-sin Cp cos q + 

-sin 8 

-sin q cos Q, + 
sin Q, sin e cos @ 

sin q sin Cp + 
COS q COS Q, sin e sin q 

(1) 

The principal body axes are related to the arbitrary body axes (for a given body) as 
f 0 llows 

in 

Jn 

k n 

where n = 1, 2 and Q is given by [ n l  
- -  - 

in E; I in .  j; 

8 



The inertial axes are related to the arbitrary body axes (for a given body) as follows 

where n = 1, 2 and [rd is given by equation (1) after the following substitutions a re  

made: [ r ] =  FJ, rmp= I’ q = IDn, 8 = On, and @ = @n where m = 1, 2, 3 
and p = 1, 2, 3. The arbitrary body axes of body 1 are related to the arbitrary body 
axes of body 2 as follows 

mp, n’ 

where [ r]  is given by equation (1) after the following substitutions a re  made: 

2, 3. The inertial axes a re  angularly related to the pseudorigid body axes as follows 
8 =e, q = $, and @ = $ where m = 1, 2, 3 and p = 1, 

mP’ P I  = P I ,  rmp=r 

where [rR] is given by equation (1) after the following substitutions are made: 

and p = 1, 2, 3. The Euler angles in equation (6) a r e  derived quantities obtained from 
IC/ = qRB, and @ = 0.0 where m = 1, 2, 3 RB’ [ r l =  [rR]7 r m p = r  e = e  

R, mp’ 

9 



the following equations. 

) eRB=..’( {(T2 - x c .  g. )2 + (F2 - = Y c .  g, l2 

- - - - 
c. g. - z2 Z 

- 

ir- 

The pseudorigid body axes are related to the arbitrary body axes (for a given body) as 
follows 

where n = 1, 2 and r is given by equation (1) after the following substitutions 

are made: l r l =  P R , A 7  rmp= rmp,R,n’ e = e  s, n’ * =  J$,n’ @ = @s,n 
C R , 4  

where m = 1, 2, 3 and p = 1, 2, 3. By comparing equations (4) and (6) to equa- 
tion (9), the structural Euler angles can be obtained as follows 

r 
q s ,  n = tan-’( r s 3  r 

rll, n R, 21 + l?12, nrR, 22 

10 



r R, 13 - r12,n r R, 32 - r13,n 
6 = t a n  

s7 n 

where KKn and ZZn are given by 

=n = r21, n r R, 31 + r22, nrR, 32 + r23, nrR, 33 

"n = r31, n r R, 31 + r32, nrR, 32 + r33, nrR, 33 

The instantaneous spin-plane variables (fig. 6) are derived quantities obtained from the 
following equations 

y = tan- '(E) 

- 
Q = COS '(COS BRB COS y )  

and 

vZ-z2 
p 2 [  = 

p17 lP2, 1 - d p c .  g.)2 + p c .  g.)2 + ("'c. g*)2 

where AA and BB are givenby 

AA = p2 - =. Y )cos qRB - p2 - % )sin qRB 
c. g. c .  g. 

11 



and 

Equations of Motion 

The equations used in the program place no restrictions (within the limitations 
imposed by cable interference) on either angular o r  translational displacement of the 
two rigid bodies relative to an inertial frame and to each other. The bodies may also 
have completely general geometrical and inertial properties. . 

The rotational equations of motion used in the program are 

and 

%,n !3 x,n -52'  y,n Q z , n t j l , n  - 'kr,n) = TGx,n 

'j',n hf y,n - n  x,n 52' ~ , n ( I k ' , n - ' i ~ , n ) = ~ ~ y , n  

i*,n - ' j t ,n)=TGz,n 

and Equa- z, n' where n = 1, 2. Integration of these equations yields Qx, n, 
tions (20), (21), and (22) may be modified to include the effects of internal mass shifts 
(for example, crew movements) and fixed internal rotating masses. Body n angular 
velocity components about the arbitrary body axes can be obtained from 

@ 
Y, n' 

12 



where n = 1, 2. The translational equations of motion for body n a re  

(24) x, n 
W” - 52 v”) = T F  z,n n 

n n  n ( z , n n  U” - 52 w”) = T F  (25) Y, n x,n n M V q + M  52 

and 

MnWX + M  ( 52 V” - 52 u”) = T F  
n x,n n y,n n z,n 

u where n = 1, 2. Integration of these equations yields u:, v X )  and w: . The time 
rates of change of the inertial Euler angles for body n a re  given by 

6 = 52 cos@,-  52 s i n @ n  (27) n Y7n z, n 

i, = 52 + tan en(52y7n sin @n + 52 z, n cos (pn) (28) x, n 

and 

52 Sin@,+52 cos @n 
Y) n z, n 

qn = cos en 

where n = 1, 2. Integration of these equations results in the Euler angles shown in 
figure 2. The time rates of change of the relative Euler angles are given by 

- 
il = p y , 2  - 5 2  y , l L  ) cos q - (52z,2 - 52z, 1 L p  + (3 0) 

+ = (%,a - 1L) + t a n g  [( 52 y,2 - 52 y, 1L )sin + + ( Q ~ , ~  - aZ, lL) cos $ ] (31) 

13 



and 

cos e 

where 

Integration of equations (30), (31), and (32) yields the relative Euler angles. The com- 
ponents (in the arbitrary axis system of body 1) of the time rate of change of P1, nP2, 

are  

52 
- - - - 
xn = YnClz, - z n 52 y , 1 - u ' i - Z ~ , 1 , n 5 2 y , 1 + Y ~ , 1 , n  z ,1  

+ 'll"1,n + '21'2,n '31"3,n 

52 
- 

52 
- - - - 
Y n = Z  n x , l  52 -x52 n z , l  - v " - x  1 P , I , ~ ~ , I + ~ P , I , ~ ~ , I  

+ '12" 1, n + '22'2, n + '32"3, n 

(34) 

(35) 

and 

52 
- - - - 

52 +x -" - 'P, l , n  x, 1 n y, 1 - 'n%, 1 P, l , n  y, 1 
z =x52 n 

+ '13" 1, n + '23"2, n + '33"3, n 

" 

where n = 1, 2, . . , N + 1 and where 

52 
- 

5 2 -  ~ , 2 , n  y,2 ' ~ , 2 , n  z,2 a, =ui '  +-z 1, n (37) 

14 



. 

u 

- 
cy 2,n='!i + '~,2,n 5 2 -  z ,2  ' ~ , 2 , n  52 x,2 

and 

a _. 

cy 3 , n = W i + P P , 2 , n  52 x,2 - x  P,2,n y , 2  (3 9) 

Integration of equations (34), (35), and (36) yields the components of the relative dis- 
placement vector from point P to point P2,n. 

1, n 

Force Equations 

The total force acting on each body is made up of forces caused by the elongation 
of the interconnecting cables and forces caused by external sinusoidal forcing functions 
acting on the respective body. The cables a re  considered to be perfectly elastic tension 
members. The cable spring force is given by 

where n = 2, . . . , N + 1. When P1, nP2,n is less than CL,, cablen is slack and 
FKn is set equal to zero by the program. Energy absorption per cycle because of 
damping may be approximated by an equivalent viscous damping term provided in the 
equations of cable force. This damping force is given by 

where n =  2, ..., N + 1. 

n FD =CD n 
'1, np2, n 

Note that the equilibrium position of a given rotating system may be determined 
by inputting nonzero values for CDn and zeros for all the forcing function amplitudes 
and then allowing the program to run until all structural oscillations damp out. The 
forces FDn and FKn are directed along cablen and are  signed in the arbitrary axes 
of body 1. The components of force, caused by cablen acting on body 1 at P1, n, are 

15 



then given by 

and 

- 
n 

'1, nP2, n 

X 
F x, 1 C n = (FKn i- FDn) 

- 
F c = (FK, + F D ~ )  *n 

Y , 1  n 
'1, np2, n 

- 
n 

'1, np2, n 

Z 
Fz, l  c n = (FK,+FD,) (44) c 

where n = 2, . . . , N + 1. The cable force acting on body 2 will be equal and opposite 
to the cable force acting on body 1. The components of force (in the arbitrary axis sys- 
tern of body 2), caused by cablen acting on body 2 at P2,n, are given by 

where n = 2, . . . , N + 1. The components of torque (in the arbitrary axis system of 
body 1) acting through c .  g. caused by cablen acting at P1, n, are given by 

(46) 

(47) 
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and 

where n = 2, . . . , N + 1. Similarly, for body 2 

- 
G z,2,n =x P,2 ,n  (" y , 2  c n ) - 'P, 2, n(Fx, 2cn) 

where n = 2, . . . , N + 1. The components of torque (in the arbitrary axis system of 
body 1) acting through e. g. caused by all of the cables, a r e  given by 

n=2 

N + l  

cGy, 1 = C Gy, 1, n 
n=2 

and 

n=2 

(5 3) 

17 



Similarly, for body 2 

N+l 

n=2 
c ~ y ,  2 = Gy, 2, n (56) . 

and 

n=2 

The components of torque acting through C. g. n, caused by all of the cables, may now 
be transformed to the principal axes as follows 

where n = 1, 2. The components of external sinusoidal force acting on body n along 
the arbitrary body axes are given by 

and 

18 



where n = 1, 2. The components of external sinusoidal torque acting on body n about 
the principal body axes are given by 

.. 
where n = 1, 2. Any component of external force or  torque may be zeroed,out by in- 
putting a zero for the amplitude of that component. The components of the total force 
acting on body n along the arbitrary body axes may now be obtained from 

N+l 
T F  x,n = F  x,n +xF x,n C m 

m=2 

N+1 

m=2 

and 

N+l 
T F  = F  + r F  z ,n  C m 

z, n z,n 
m=2 

(65) 

.. where n = 1, 2. The components of the total moment acting on body n about the prin- 
cipal body axes are given by 

TG = C G  + G  x, n x' ,n x , n  

TG = C G  + G  
Y,n Y',n y,n 

19 



and 

TG = C G  + c  z, n z',n z ,n  

where n =  1, 2. 

CONCLUDING REMARKS 

rigid body equations of mo- 
A basic computer program 

This paper has presented the six-degree-of-freedom 
tion for each of two bodies connected bv massless cables. 
was presented for determining the dynamic response of the complete configuration 
subject to external sinusoidal forces and torques on both bodies. The program was 
written in subroutine form to facilitate the addition of equations representing other 
perturbations and/or control systems to the basic configuration. 

. 

Y 

Manned Spacecraft Center 
National Aeronautics and Space Administration 

Houston, Texas, May 31, 1968 
908-40-01- 03- 72 
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NASA-S-68-3083 

. ,  

Initial 
position 

2 3 
(yawl (roll) 

Figure 2. - Order of rotation for inertial Euler angles. 
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NASA-S-68-3086 

position 

t 

2 
bawl 

1 
(pitch1 

boll) 

Figure 3. - Order of rotation for relative Euler angles. 
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Figure 4. - Pseudorigid body orientation. 
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NASA-S-68-3087 

initial 
posit ion 

;RB 

~ R B  

~ R B  

RB 

~ R B  
1 

(pitch) 

j R B  

2 3 
(yaw) (roll) 

Figure 5. - Order of rotation for structural Euler angles. 
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APPENDIX A 

COMPUTER PROGRAM LISTING 

The FORTRAN IV source program presented in this appendix presently requires 
a Stromberg-Carlson (S-C) 4020 high-speed microfilm recorder for some of the output. 
The S-C 4020 output section of the listing runs from SUBROUTINE FILM through SUB- 
ROUTINE RCLOK. The program may be modified for use on a system which does not 
have an S-C 4020 recorder by removing those sections of the program indicated by the 
applicable comment cards. If the program is modified in this manner, SUBROUTINE 
OUTAID should also be modified to print out those output variables which a re  now output 
in graphical form. 

1 

A 

'This section was programed by P. H. Thornton, Landing and Docking Analysis 
Section, Manned Spacecraft Center. 
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c r t i t  3 LAWS A R ~  S Y S T ~ M  SET-UP CARDS FOR THE MSC 7094 OPERATING SYSTEM 
C &NU U R t  NOT PAKT O F  T H t  BASIC PROGRAM. 

SJoh COLT THOMAS U3591 ET256 
BIdJOH ThOivlAS GO 

C t a 3 0 v f i '  THE FuLLOkING -$OHIGIN uCii- CARL, 1F SC-4020 NOT AVAILARLE 
SOH I b I I\ 
B I B F T C  SKCU 

ACE 

SlltWOI IT I tuE ST AKT 

c 

20 
c 
c 

KE IUKN 

DIMLPISION UYDX(100)tVAR(6800) 

EUUlVALLNCE ( U A K ( 1 O l ) r D Y D X ( 1 ) )  
ZERO CORE AT I N I T I A L  LOADING 
DO 20 J=l ,  o A U O  
V A R ( J )  = U e U  
SET DERIVATIVE O F  INDEPLNOENT VARIAfjLE W R I T  ITSELF E W b L  
TO O M  

C A L L  KK 

COMMON \ A h  

D Y O ) r ( l )  = 1.0 

END 

c 

SI t jFTC SKCl 
x 

1 
C; OivrM U N 



I 

9 0  
c 

12u 
c 

16(1 
c 

190 
c 

L3U 
C 

2 6 U  
L 

i 

300 
c 

530 



BIdF7C SHC3 

SUBkOUTINE PAGEHD 
DIMiiNSION NTEGEH(100)vVAR(6800)  
COMMON VAR 
EQUIVALENCE (VAR(401) ,NTEGER(l ) )r (NTEGER(44) ,NPAGE)r  

WHITE (6t20)1DENT~ NPA& 
20 FOKMAT(17Hl FORFUN OPTION 15, 56H 

1 (NTEGER(l) , IDENT) 

1 PAGE NO 15 1 

SO 



FltTURN 
EiuD 

.. 

1 
2 

L 

1 
2 
3 
4 
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C 

450 
C 

BI t iFTC SHC5 

c 
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4 
5 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
2 
3 

5 
h 
7 
tt 
9 

1 
2 
3 
4 
5 
b 
7 
H 
9 

1 
2 
3 
4 
5 
h 
7 
0 
4, 

1 
2 
3 
4 
5 
6 
7 
0 

LI 
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c 

C 
c 

l (P !5979) ,CPS l lE )  
C S t T  UP THC RELATIVE CONSTANT 

NCABLE = IUTEGER(21) 
N H f S R v  = NTEGkR(3) 
SErT I i u  xv Y e  Z BAR VALUES WHICH RESULT FROM THE 

DO 12 J = lrNCAbi&.. 
JUMP1 = 3*J + 20 + NRESHV 
X t j R ( J )  = Y(JUMP11 
Y B R ( J )  = Y(JUMP1 + 1 1  

c 
c IMTkGHATIUN 

12 ZdR(J) = Y(JUMP1 + 2) 
c CALCtJLATE TkIGNOMETRIC FCINCTIONS 

SJHJ1 = SlN(THT1) 
CTHT1 = COS(THT1) 
TTHT1 = STHTl/CTHTl 
STH72 f SIN(THT2) 
CJHT2 5 COS(THT2) 
TTHT2 = STHT2lCTHT2 ' 

STWTBt-? = SIN(THTBH1 
CTHTHH = LOS(PHTBR) 

CP5flE=COS(P~I1) 
SPSI1E=SYN(PSIl) 
CPSIZE=CuS(PSI2) 
SPSI2E=SiN(PSIZ) 

TTHIBH Z STHTbR/CTHTRH 
S Y H I l  '= S l N ( P H I 1 )  
CPHI1 = cOs(PHI1 )  
SPHI2 = SIN(PH12) 
CPHI2 = CcjS(PHI2) 
SPHIBH = SIi\ l (PHIBR) 

SPSiBH = SIN(P5IRH)  

G A M t j l l  = CTHTbR*CPSIBR 

CPHSRK = COS(PH1RH) 

CPSIBH = COS(PSIf3R) 
CALCULATE GAMMA RAR VALUES FROM THIG FUNCTIONS 

G A M b 1 2  = CTHTM?*SPSIBR 
GAMt513 = -STHTBR 
G A M t j 2 1  = -CPHIBR*SPSIBR + SPHIBR*STHTBR*CPSIBH 
G A M b 2 2  = CPHIBR*CPSIBR + SPHIBR*STHTBR*SPSIRR 
GAMt3.23 = SPHIBR*CTHTBR 
G A M I j 3 1  = SPHIBR*SPSIBR + CPHIRR*STHfBR*CPSIRR - 

G A M b 3 3  = CPHIBR*CTHTBR 
G A M 8 3 2  = -SPHIBR*CPSIBR + CPHIBR*SfHTBR*SPSIRR 

THAFvSFOHM PHfNCIPAL A X I S  ANGULAR VELOCITIES INTO SYMMETRY 
A X 1 5  COMPONENTS 
O M X l  = DL111*OMXlP + DL112*OMYlP + DL113*OMZlP 
QMY1 = UL121*OMXlP + DL122*OMYlP + DL123*OMZlP - 
OM21 = O L l 3 1 * O M X l P  + DL132*OMYlP + DL133*0MZlP 
OMX2 = DL211*OMX2P + PL212*0MY2P + DL213*OMZ2P 

1 

OMY2 = DL221*OMX2P + DL222*OMY2P + DL223*OMZ2P 
O M 2 2  = OL231*OMX2P + DL232*OMY2P + OL233*OMZZP 

u1 = UlPP 
V l  = VlPP 
w l  = WlPP 

'. 
J 
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Y2Li 
c 

l U S U  
C 
C 

G Y 1 7  = 0.U 
G L 1 1  2 010 
G X 2 1  = 0 . 0  
G Y 2 7  = U e U  
G L 2 1  = 0.b 
DO Y 2 0  J = l r N C A R L E  
G X l l  = b X 1 T  + G X l ( J )  
G Y l f  = b Y l T  + G Y l ( J )  
G L l 7  = b Z i T  + G L l ( J 1  
G X 2 T  = GXZT + G x 2 ( J )  
G ~ 2 7  = G Y Z T  + G Y 2 ( J )  
G L 2 7  = GZZT + G Z 2 ( J )  
N t X T p  SUM THE SYMMETRY A X I S  COMPOfJENTS O F  F O R C E  
F X l i T  = 0.0 
F Y l L T  = 0.0 
F L l l T  = 0.0 
F X 2 1 T  = 0.0 
F Y 2 l T  = 0.0 
F L 2 L T  = 0.0 
D u  1050 J = 1 ~ M C A t J L E  
F x l l T  F X l I T  + F X l I ( J 1  
F Y l i 7 ’  = F Y l I T  + FYlI(J1 
F L l l T  = F L l I T  + F Z l I ( J 1  
F X 2 f T  = F X 2 I T  + F X 2 I ( J )  
F Y 2 i T  = F Y 2 I T  + FY2 I (J )  
FL21T = F k 2 1 T  + F Z 2 I ( J )  
T t4AKSFOHM SYMMETRY A X I S  COMPONENTS O F  T O T A L  MOMENT I F I T 0  
P H I h C i P A L  A X I S  COMPONENTS 
G X l P T  = D L l i l * G x l T  + U L 1 2 l * G Y l T  + O L 1 3 1 * 6 Z l T  
G Y l P T  = D ~ 1 1 2 * G x l T  + O L 1 2 2 * 6 Y l T  + D L 1 3 2 * G Z l T  
G i l r T  = 0 ~ 1 1 3 * G X l T  + D L l 2 3 * 6 Y l T  + D L 1 3 3 * G Z l T  
G x 2 r T  = D L 2 1 1 * G X 2 T  + C ) L 2 2 1 * 6 Y 2 T  + O L 2 3 1 * G Z 2 T  
G Y 2 P T  = L f L 2 1 2 * G X 2 T  + D L 2 2 2 * 6 Y 2 T  + D L 2 3 2 * G Z Z T  
G L 2 P T  = DL213*GX2T + D L 2 2 3 * G Y Z T  + D L 2 3 3 * G Z 2 T  

C C A L L  F O R L I N G  F U N C T I O N  S U B R O U T I N E  

C C A L L l I L A T E  THE ANGULAR V L L O C I T Y  U E R I V A T I V E S  
CALL  F O R ~ U N  

OMXlPD = ( G X l P T  + OMY1P*OMZlP*(CIYY1-CIZZl~~/CIXXl 

O M Y l P U  = ( G Y l P T  + OMX1P*OMZ1P*(CIZZ1=CIXXl~~/CIYYl 

O M Z l P O  = ( G Z l P T  + OMYiP*OMY1P*(CIXXl-CIYY~))/C~~Zl 

OplX i iPD = ( G X Z P T  + OMY2P*OM22P*(CIYY2=CIZZ2))/CIXX2 

O M Y Z P U  = ( G Y 2 P T  + OMX2P*OMZ2P*(CIZZ2-CIXX2))/CIYY2 

OMZ2PU = (GZ2PT + OMX2P*OMYZP*(CIXX2-CIYY2))/CIZZ2 

1 + A G X I P T / C I X X l  

1 + A G Y l P T / C I Y Y l  

1 + A b Z l P T / C I L Z l  

1 + A b X 2 P T / C I X X Z  

1 + A b Y 2 P T / C I Y Y 2  

1 + A b Z 2 P T / C I Z Z 2  
c C A L C U L A T E  RUDY A X I S  V E L O C I T Y  f t A T E S  

UlPPD = - O M Y l * w l P P  + O M Z l * \ I l P P  + F X l I T / C M l  

VlPPD = - OMZl*UfPP + OMXl*LNlPP + F Y ~ I T / C M ~  
1 + A t X l I T / C M l  
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1 
2 
3 

1 
2 
3 
4 
5 

C 

SU 
1 
2 

R t T Uf? iV 
EivD 

1 + A F Y l I T / C F n l  

1 + A I - Z l I l / C M l  

1 + AI -X2 ! IT /LMZ 

1 + A l - Y 2 I l / L M Z  

1 + A i - Z 2 1 T / C M 2  

WlPPD = - O M X l * V l P P  + O P r l Y l * U l P P  + F Z l I T / C M l  

U 2 P P R  = - OMY2*W2PP + O M Z Z * V 2 P P  + F X 7 I T / C M 2  

V Z P P P  = - O ~ V I Z Z * U ~ P P  + O l v i X 2 * k 2 P P  + F Y P I T / C M 2  

W&Pt% = - O i ~ x 2 * v 2 P P  + Ol\rrYii*u2i-.P + F Z ? L T / C M 2  

c S t T  I N  kATEs OF C H A N G E  O F  C O O k D I N A T E S  A 5  D Y D X S  
DO 1280 J = 1 r r V C A B L E  
J U M P 2  = 3*J  + 20 + NRESkV 
DY D X  I JUFtPZ. 1 = XfJRD(J) 
D Y D X ( 4 J M P Z  + 1) = Y B R D ( J 1  

1 L 8 U  D Y D X ( J U M P 2  + 2) = ZIJRO(J )  
~ Y U ~ ~ ~ ~ ~ ~ C ~ H ~ ~ * C P S I ~ ~ * U ~ P P + ~ S P H I ~ * S T H T ~ * C P ~ ~ ~ ~ - S ~ S ~ ~ ~ * C ~ H ~ ~ ~ * V ~ ~  

~ Y U X ~ ~ ~ ~ ~ C T H ~ ~ * S P S ~ ~ E * U ~ P P + ~ C P H I S * C P S I I E + S ~ H I ~ * S T ~ T ~ * S ~ ~ I ~ E ~ * V ~ P P  

U Y U X ~ 2 S ~ ~ S ~ H i 1 * C T H T 1 * V l P ~ - ~ T H T l * U l ~ P + C ~ ~ I l * C ~ H T l * ~ ~ l P P  
U Y U X ( ~ ~ ) = C T H ~ ? * C ~ S ~ ~ E * U ~ ~ P + ( S P H I ~ * ~ T H T ~ * C P S I Z F ~ S ~ S ~ ~ E * C P ~ T ~ ) * V ~ P P  

~ Y u X ( 2 7 ) - C i H ~ ? * S r S 1 2 ~ * U 2 P P + ( C P H I 2 * C P S I L F + S ~ H I ? * S T ~ T 2 * ~ ~ S ~ ? E ) * ~ 2 P ~  

U Y U X ( ~ ~ ) = S ~ H ~ ~ * C T ~ ~ T ~ * V Z P P - S T H T ~ * U ~ P P + ~ ~ H I ~ * ~ T H T ~ * ~ ~ ~ P ~  

1 P + ~ S ~ S I l t * S P ~ i I 1 + C P ~ ~ I ~ * S T H T l * C P S I l E ~ * ~ ~ ~ P  

1+(LPtiI1*SThT~*SP5I1E-SPHIl*CPSIlL~*WlPl' 

~ + ( ~ P S I ~ E * S P H ~ ? + C P H I ~ * S T H T ~ * C P S ~ ~ ~ = ) * W ~ P P  

~+(CP~IIZ*~THTZ*SP~ILE-SPHI~*CPSI~~)*W~PP 
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B I n F l C  SKCY 
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c 
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L 

- t l b  
t i u 

1 

1 
2 

L 

U H I l F  OUT PAGtS 2 AND 3 IF HT El\lD OF PAGE 3 
I l - ( i \ i l  1Nt - h 2 ) 4 2 0 1 4 1 0 1 4 1 0  
GALL LAlsCjbT 
H i t  TUP tu 
€lull 
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FUNCTION S I N t  ( X 1 
’311vE=SfN ( X  1 
HE 7 UI+ t\l 
t N l J  

5 1 B F I C  SnC12 

FUlVCT I O N  At<Ti\: ( XI  Y 1 
~ \RTN=ATAI\J~ t X I  Y 1 
&I UHN 
tNLt 

C HEWOVE. THE RtST UF THE SoUKCE OECK IF S-C4020 NOT AVAILAHLE 
%OH IC1 i\J ACE 
lbIuFTC StiFu 

SUO H OU I I I uE F 1 I. M ( 0 M I 0 1\1 I TU M I T W id I THM * T H f;i I k 0 M I FON I F I M I F I N S I M P S I N I SF M I 
1 5 E  I’d I t I M e t I N I X hi I M I X I\f I N v r € M t TEN v EL 14 P ELN v 7 WE M P T W F N v T I EMPO I TH I M I T H I bt I K 
2 IuT I I 1 Ht> Ot’  P NO V I t I I. GKOP I PH I v THETA I IJlJM 1 v r\JlJM2 I NUM 3 I K VJH I CH I 

ij I MENS 1 01 .I V A k ( 68 b i! 1 
~ J I M E ~ \ J S ~ O I Y  HEC(26),X(lH),Y(lR),Z(1R) 
coi”ib?bi\J VAH I KIvT I KFST L 
C V T = b 7 * 2 Y 5 8  
K=l 
L=CI 
HEuuIrvil 11 
rtEkIf.ru 13 
iF(IGRUP14lrll141 

41 dEwIlvl) 9 
K= 1 
L=L+1 
GO To 11 ,2 ,3 ,415,h17r~1911O, l l r lZ ) ,L  

1 xL=o*o  
AR=T IEPrPv 
YR=ON*CVI 
YT=Oivl*CV I 
CALL CARI(ALIXHIYHIYI)  
CALL A P R I \ T V ( L J ~ - ~ ~ P - ~ ~ I ~ ~ H T H E T A S T ~  DEbHtESr12~h50) 
M=L+ 1 
b 0  T O  33 

L YWTwN*CVT 
YT=TwM*CvT 
CALL C A H I ( X L I X K ~ Y H P Y I )  
C A L L  A P R ~ T V ( ~ J P - ~ ~ I - I ~ I ~ ~ H P H I S T ~  bEGREE!51121650) 
M = L + i  
60 To 33 

3 YR=THhl*C\/T 
YT=THM*C\/T 
CALL CARI(X1vXKtYBrYT) 
C A L L  APRNTV(ur-l2~-14~14HPSISTl uEGRtES112q65nl  
M=L+1 
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?HE 
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SlJbHUUl IIUE FKCIIIT ( NUMll 
IJIIVIENSIOI~ v A k ( 6 6 U O  1 r k ' ( 0 8 U O )  
LOIVIMUN V A R  
t ( 3 C I I J A L E l u C t ( V P ~ ( b U 1 ) r ~ ( l ) )  
b = m o 0 4 * r ( b )  
J=38bo4*P(22) 
up  l U  1= l I l Iu~ l l  
CALL R E S t T v  
eALL RlTt2V(15U~169r102311801213~~-1136HCABLE CONNECTED SPACE STAT 

L A ~ L  R i T t 2 V ~ 3 0 0 ~ 2 5 ~ 1 1 0 2 3 1 1 ~ 0 1 1 1 2 ~ 1 - 1 1 2 9 H ~ E I G H T  OF BODY 1 = 
CALL HlTt2V~43S125~11023r18~1112~1=112~H~EIGHT OF 8ODY 2 = 
CALL RITr2~(57U117~1102311~011137r-lr37HINITI~~ SPIN SPEED = 
LALL RITt2V(705~8811U23118011148r-l148hINITIAL DISTANCE BETWEEN BO 

LALL RITt2V(8401232110231180111311-1131HCABLE ELASTICITY = 
CALL RiTt2V(690~700~1023118011111~1~1H11NLAST~ 
CALL ~ l T t 2 V ( 9 7 5 1 ~ 1 ~ 1 1 0 2 3 1 1 8 0 1 1 1 3 3 r - 1 , 3 3 H T O T A L  CABLE AREA = 

1 I 0 I\r 

1LRo rl\rLASI 1 

U Y N A Ivi I C S I NL A 5 T 1 

~ L H . ~ N L A S T )  

1 U ~ ~ O / S L C O I ~ L A S T )  

l U Y  COG. s= FTetNLASTI 

1 rsi IruLhsi)  
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L Y Z L Y - I R U W  
GO T O  60 

L X = L x + I R u W  
GO Tu 60 

6u C O N T l N U E  

64 LY=MY 

65 L G M X  
. _ - - - -  . L Y = L Y + l R u W  

GO TU 20 

C A L L  H l T t 2 V ~ L X r L Y ~ L I M I l r K , I N T , l r - 1 , 1 H - , N L A S T ~  
C A L L  H I T x Y V ( L X t L Y 1  

I F ( N O S ) 4 4 ? 4 5 r 4 6  

10  l F ( V A R * G t . O * U )  GO TO 43 

45 C A L L  R N B C D V ( V A K r C 0 N r N D S )  

44 N D S = I A B S ( N U S I  
C A L L  R I T ~ ~ V ( L X V L Y ~ L I M I T I K ~ I N T P ~ P - ~ P ~ H ~ ~ * P N L A S T )  
I F ( N b S * G t * i R T )  GO T O  47 
UO 48 1 = 1 ~ N D 3  
C A L L  H I T X Y V ( L X r L Y 1  
C A L L  H I T ~ ~ V ( L X P L Y ~ L I M I T ~ K I I N T , ~ ~ - ~ , ~ H O , N L A S T )  

NTUTAL=IKT-NiJS 

C A L L  R I T X Y U ( L X r L Y )  
C A L L  R I T t 2 V ( L X ~ L Y ~ L I M I T ~ K , I N T , N T O T A L , 1 , C O N I N L A S T )  
GO T u  20 

4e, C O I v T l N U E  

I F ( N T ~ ~ A L . ~ T . ~ ) N T O T A L = ~  

47 00 49 I=IvIF?-l 
C A L L  R I T h Y V ( L X @ L Y )  
C A L L  H ~ T ~ ~ V ( L X , L Y ~ L I M I T I K , I N T , ~ , - ~ , ~ ~ ~ ~ ~ ~ L A S T )  

49 LONT I NU€ 
GO Tu 20  

45 C A L L  R I T t 2 V ( L X , L Y , L I M I T , K t I N T r ~ r - l r 2 h O . r N L A S T )  
C A L L  R l T X Y V ( L X r L Y 1  
L F ( I K T * G I  &)GO TU 73 
C A L L  R I T X Y V ( L X r L Y )  
C A L L  R I T ~ ~ V ( L X ~ L Y ~ L I M I T ~ K ~ I N T ~ I R T P ~ P C . O ~ ~ N L A S T )  
b 0  T u  20 

C A L L  H l T X Y V ( L X t L Y 1  
C A L L  R ~ T ~ ~ V ( L X P L Y ~ L I M I T ~ K , I N T , K U T P ~ P C O ~ J ~ N L A S T )  
GO TU 20 

MOKE=NbS-6 
C A L L  R I T ~ ~ V ( L X ~ L Y ~ L I M I T ~ K ~ I N T P ~ ~ ~ . P C O N ~ ~ ~ L A S T )  
UO 71  KLWlrivlOHE 
C A L L  R I T x Y V ( L X r L Y )  
C A L L  P I T t 2 V ~ L X r L Y ~ L I M f T ~ . ~ ~ I N T ~ l ~ ~ l r l ~ ~ ~ N L A S T l  

73 KUT=b 

46 I F I N u S * L ~ * ~ ) ~ O  T O  70 

7 1  C O N T i N U E  
L F ( I H T * E b . U ) k i O  TO 20 

C A L L  H ~ T ~ ~ V ( L X ~ L Y I L I M I T , K I Z N T , ~ , - ~ , ~ H . , N L A S T )  
C A L L  R I T X Y V ~ L X P L Y )  

UO 75 K L G l r I p T  
C A L L  R I T X Y V ( L X t L Y 1  
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75 

70 

72 

20  

C A L L  R ~ T ~ ~ V ( L X P L Y ~ L I M I T ~ K , I N T , ~ , - ~ , ~ H O , N L A S T )  
COLLTINUE 
GO TO 20 
C A L L  R I T ~ ~ V ( L X I L Y ~ L I M I T ~ K , I N T I N T ~ N D S * ~ ~ C O N ~ N L A S T ~  
I F ( I K T * E U . O ) G O  TO 20 
I F ( ( N D S + A R T ) * I . E . G ) G O  T O  72 
KU I=o-NDS 
NT h= I.dD 5 + I 
C A L L  R I T h Y V ( L X t L Y 1  
C A L L  H l T t 2 V ( L X ~ L Y ~ L I M I T ~ K , I N T , K U T I N T h , C O N , N L A S T ~  
GO TO 20 
NTH=IUDS+ I 
C A L L  R I T X Y V ( L X v L Y 1  
C A L L  H I T t 2 V ( L X ~ L Y ~ L I M I T ~ K ~ I N T * l ~ ~ l * l h o ~ N L A S T 1  
C A L L  H I I X Y V ( L X ~ L Y ~  
C A L L  R ~ T ~ ~ V ( L X ~ L Y I L I M I T ~ K I I N T , I R T P N T ~ P C O N , N L A S T )  
C A L L  R I T X Y V ( L X t L Y )  
HETUKN 
f S U  

S I B F T C  SKFS 

S l I t r R U U T I i \ E  A X I S  ( X L e  X H  ,PHI P T H E T A ,  LBL) 
5pt1= b I IV ( r H 1 1 
CPH=COS(PH1) 
STti=S I N  ( I H t T  A 1 
CTh=COS ( 1 HETA 1 

X P = X K * C P h * S T h  
YP=-XH*SPH 
l X l = N X V ( X P )  
I Y l = N Y V ( Y P )  
I X 2 = N X V  ( - X P )  
I Y 2 = N Y V ( - Y P )  
C A L L  L I N t V ( I X l ~ I Y l ~ I X 2 ~ 1 Y 2 )  
C A L L  L ~ N ~ V ( I X ~ ~ I Y ~ ~ I X ~ P I Y ~ )  
I x= I x 1+12 
X Y = I Y l - l ; L  
C A L L  R I T ~ ~ V ( I X I I Y ~ ~ O ~ ~ ~ ~ ~ O ~ ~ , ~ , - ~ , ~ H X I N )  
XP=XH*SPH*STH 
YP=XR*CPh 
I X l = N X V ( A P )  
l Y l = N Y V ( Y P )  
IX2=NXV(-XP) 
I Y 2 = N Y V ( - Y P )  
C A L L  L I N L V ( I X l ~ I Y l r I X 2 r I Y 2 )  
C A L L  L I N t V ( I X l r 1 Y 1 ~ 1 X 2 ~ 1 Y 2 1  
1x=1x1+12 
I Y = I Y 1 + 1 2  
C A L L  RITt2V(IX~IY~1023r180~2~1~-l~lHY~hl 
XP=-XR*CSH 

C A L L  POI I ' JTV  ( U o  0 1  0.0 I O 1 
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I Y GIVY V ( u R b 2  1 
C A L L  L l N t V ( I x l ~ I Y l ~ I X 2 r I Y 2 ~  
IF(LbL)2~,21,2u 

20 C A L L  I d K i I t I X 3 r I Y 2 )  
21 C O I U T I N U E  
11 C O N T I N U E  

20 C O N T l N U E  
i F ( L U L ) 2 S ~ 2 6 e 3 5  

X=HEC ( 2 5  1 
Y = k E C ( 2 6 )  
C A L L  REFK(X,Y,SPH,CPH,STH,CTH) 

25 C O N T I N U E  
. HETUkN 

€NU 

B I b F 7 C  SKF7 

5UbHOUT I k E  IJK ( I P IX P I Y  1 
E X T E R N A L  T A b t l V  
L X T E H N A L  T A B 1 5 V  
C A L L  C l i S ~ Z V ( 3 , 3 1  
ILx=1x+9 
I L Y  = I Y-6 
C A L L  V C H ~ R V ( ~ ~ U P ~ ~ ~ L X ~ I L Y ~ ~ ~ ~ T A R L ~ V )  
GO T O ( l r ~ , 3 , ~ , 5 , 6 , 7 , 9 ) , 1  

1 T x T = I L x + l 2  
i Y l = l L Y - 1 2  
C A L L  V C H t t R V ( l R U ~ l ~ I X l r I Y 1 , 2 5 , T A R 1 5 V )  

i x l = I x l + O  
I Y l = I Y l + i 3  
L A L L  V C H k H V ( 1 R U ~ l r l X l ~ I Y l r l , T A I 3 L l V ~  
GO TO 9 

2 l X l = I L x  
l Y l = I L Y + 1 2  
C A L L  V C H A R V ( ~ A O ~ ~ P ~ X ~ ~ I Y ~ , ~ ~ , T A R ~ ~ V )  
b0 T O  8 

3 l X l = I L x - i 2  
l Y l = L L Y  
C A L L  V C H A R V ( 1 R U ~ 1 ~ l X l ~ f Y l , 3 4 , T A f 3 1 5 V )  
GO To 8 

5 l X l = I L x + i 2  
T Y l = I L Y - i 2  
C A L L  V C H W R V ( l R O ~ 1 ~ 1 X l ~ I Y l r 2 5 , T A R 1 5 V )  

& C A L L  C H b I L V ( 2 e 2 )  

10  C A L L  C H S l Z V ( 2 r 2 )  
1 xP=I x l + b  
I Y l = I Y 1 + 1 3  
C A L L  V C H W R V ( 1 8 0 r l r l X l , I Y 1 , 2 r T A B L 1 V )  
bo Tu 9 

b lXl=ILx 
l Y i = I L Y + i i  
C A L L  V C H W R V ( ~ R O ~ ~ V I X ~ P I Y ~ , ~ ~ , T A B ~ ~ V )  
60 T O  10 
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7 1Xl=ILx-12 
I Y l = I L Y  
C A L L  V C H H R V ( ~ ~ U I ~ ~ I X ~ I I Y ~ , ~ ~ ~ T A R ~ ~ V )  
b 0  T O  10 

4 cOILTINUE 
KF r u w  
t N U  

13 

15 

14 

1-1 
16 

c 

60 
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GU TO 206 

GU TO 2u6 
204 Iw0=3 

205 IuD=4 
2ob CUNTI l4k  

R t T UH I\r 
END 

B I d F 7 C  SnF13 

b U U  

bU3 
ufll 

604 
bok 

bob 

621 

701 

7 0 2  

624 

704 

822 

703 
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672 

673 

674 

675 

b76 

677 

076 

079 

685 
t3OU 

GO TO 6 O U  
lCASEZ16 
b0 TO 6 O u  
l C A S G 8  
b 0  TO 80cr 
ICASE=10 
LYO T O  80ti 
1CASt=2 
60 TU 60~1 
lCUSE=6 
GO TU 8 O u  
1CASt=l4 
~0 TO 80u 
1 C A S t = 1  
GO TO 8 O u  , 

l C k S e = 9  
b0 TO 8 O u  
1CkSt=13  
(JO Tu 8 O u  
i C A S t = 5  
GO Tu 8Ou 
l C ~ S t = 3  
b0 TO BOu 
LCASE=11 
GO T O  8 O u  
iC~Sk=15 
GO TO & O b  
i C k S t = ?  
ZONTLNUE 
HFTUKN 
t N U  

BIBFTC SHF13 

WGKUCJ’IILLE S~ML(XCGltYLGltXCG2tYCG2~XPltYPltXP2tYP2tXtY) 
UXPlZ=kPi=XP2 
UYPlz=YPi-YP2 
UXCG=XCGL-XCG~ 
UYCG=YCGI=YCG2 
X~~U~P12*OYC6*XCG1-DXCG*UYP12*XP1+UXCG*DXPl2*YPl-DXCG*~XPl2*YCGl~/ 

Y=(OYCG/UXCG)*X- (OYCG/DxeG)*XCG1+ycGT 
iiE 1 UkN 
ENU 

l(OXP12*0YCG-UYP12*OXCG) 
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c 
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* 

BIuFlC 5HF15 
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5 

u 

SUbROUTIrE K A t ~ E L ( X C G l , Y C G l r X C G 2 , Y C 6 2 r X l r Y i , X 2 , Y 2 , X 3 , Y 3 , X 4 , Y 4 , X 5 , Y 5  

ICASti=1CASEl 
KUAL=l 
xcG=xccil 
Y c G = Y c G l  

l , X 6 , Y h , X / , Y 7 , X B , Y R , X C A S E l t I C A S E 2 )  

50 b0 T0(1~~~3~1~5r1~3~1~1r2t3,1,5,1,3,l)rICASE 
1 lXCl=NXV(XCG) 

lYCl=NYV(YCG) 
60 TO 20 

30 IXCl=NXV(X)  
IYCl=NYV(Y)  
u0 To 20 

b0 TO 30 

b0 TO 30 
2 U  CObdTINUE 

I F ( K U A L - 1 1 4 2 ~ 4 1 t 4 2  
4 1  1 X C 2 = I X C 1  

i Y c 2 = I Y c 1  
XCGZXCb2 
YCG=YC62 
KUAL=2 
1CASt=ICASt2 
i(1=x5 
x2=x6 
x3=x7 
x4=x&5 
Yl=YS 
Y 2 = Y h  
f3=Y7 
Y4=Yi3 
GO TU 5 0  

HEIUHN 
IiNU 

2 CALL S I M L ( X C G ~ , Y C G L , X C G ~ , Y C G ~ , X ~ , Y ~ ~ X ~ , Y ~ P X , Y )  

5 C A L L  S I M L ( X C G ~ ~ Y C G ~ ~ X C G ~ ~ Y C G Z * X ~ ~ Y ~ P & ~ P Y ~ ~ X ~ Y )  

5 CALL S I M L ( X C G l , Y C G l ~ X C G 2 r Y C G 2 , X 2 , Y 2 , X 3 , Y 3 , X , Y )  

4 2  CALL L I N t V ( I X C l ~ I Y C l r I X C 2 , I Y C 2 )  

SIbFTC SktF16 

WaROIJTIEvE lJNDwRT trrWH1Ct-l) 
UIMENSION U A K ( ~ S U O ) P P ( ~ ~ O O )  
COMMON VAR 
EQUIVALENCE(VAK(601),P(1))  
tXTEHNAL TAB15V 
k.X TEHNAL T A b L l V  
V l=P(5958) /12oO 
V2=P(5957) /12oO 
VJ=P/5’356)/12.0 
CALL CHSlZV(3 ,3 )  
CALL HITSTV(18#26rTABLlV)  



SI 

13 

14 

1 

2 
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3 CALL HITL~V(LXPLYP~O%~~K 

4 CALL KITt2V(LXtLYt1023tK 

5 LALL RITt2b(LXtLY~1023tK 

b LALL KlTt2V(LXtLYt1023tK 

5 LALL l?lT~2V(LXrLYt1023~K 

8 (;ALL H1Tt2V(~XtLYt1023~K 

4 LALL RITt2V(LXtLYti023tK 

1 U  CALL RITt2V(LXeLYt1023vK 
l i  CONTlNUE 

u0 TO 11 

60 TU 11 

b 0  T u  11 

GU Tu 11 

ti0 TL) 11 

i ~ 0  Tu 11 

(70 T u  11 

1JTh-Z U*P I/ 100 
fH=O.O 

0 

CALL StiTi~i1V (0 t U t  O t  ci 1 
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ED. PR 

APPENDIX B 

COMPUTER PROGRAM DATA 

This appendix presents a description of program input, program output, and a 
sample problem. 

General Input 

This section presents a description of program input, including correct format 
b and proper ordering. Format statements are given at the beginning of the particular 

group of data to which the statements apply. 

The following fixed-point data should be punched on a single data card in the 
order given. This card should be the first card in the data deck. 

FORMAT (8 1 5 )  

A code number indicating the desired forcing function option (The integer 1 is 
used to force body 1, the integer 2 is used to force body 2, and the integer 3 is 
used to indicate no forcing function. ) 

Number of floating-point values to be input 

6 (The number of auxiliary differential equations, such as control equations, to 
be integrated in the Runge-Kutta (R-K) subroutine is given in this datum location. 
This number is presently 6. ) 

N (This number must be less than or equal to 19. ) 

Number of differential equations to be integrated in the R-K subroutine (This 
number is equal to 3N + 25 + the number of auxiliary differential equations to be 
integrated in the R-K subroutine. This number is presently equal to 3N + 31. ) 

Number of integration steps desired between output printout intervals 

An S-C 4020 output option code number (The integer 1 calls for nine graphs to 
be output. The integer 0 omits the graphs. ) 

An S-C 4020 output option code number (The integer 1 calls for output in the 
form of motion pictures. The integer 0 omits this output. ) 

Each line of the following data should be punched on a single data card. Data 
having a value of zero may be ignored. The order of these cards in the data deck is : 
unimportant. 
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FORMAT (15, E15.7) 

4 

5 

Integration step size, sec 

Program termination time, see 

Ik(, 1 

Ml 6 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Direction cosines 
for body I 
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26 

27 

28 

29 

30 

31 

32 

33 

34 

110 

111 

112 

113 

114 

115 

119 

120 

121 

122 

123 

- -  
i2 ih 

- -  
i2 e jh 

- -  
j, i h  

Ui' 

Vi' 

Wi' 

$1 

*l 

U; 

Vi 

Wi 

% 
$2 

Direction cosines 
for body 2 b 
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124 

9 70 

971 
Y9 1 

51 

972 

980 

981 Y¶ 2 
sz 

Y 

982 

xl 140 

141 

142 

143 

144 

145 
I 

140 + 3N 
f 

- 
'N+1 141 + 3N 

- 
'N+1 142 + 3N 

TP, 1 ,2  
I 

222 

228 + N 

1 
I i 

'P, 1, N+l 
- 
5 , 1 9 2  I 

I - 
'P, 1,N+1 

242 
I 
I 

24i  + N 
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262 

261 + N  

I 
I 
I 

282 
I 
I 

28i + N 

302 
I 
I 

3oi + N 

3 22 
I 
I 

32i + N 

1202 
I 
I 
I 

1201 + N 

1222 

1221 + N 

I 
I 
I 

1242 
I 
I 

i 24 i  + N  

5945 

59 46 

5947 

5948 

$P, I 1, 2 
I - 
'P, 1, N+l 

TP, 2,2 
I 
'P, 2, N+l 

I 

'P, 2, N+l 

b, 2 , 2  
I 
I - 
'P, 2, N+1 

YL2 I 

I 

cLN+l 

Y"2 

%+1 

I 
I 

FD2 I 

I 

cDN+l 

AF 
Y¶ n 
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59 52 

59 53 

59 54 

5955 

59 56 

59 57 

59 58 

59 66 

5967 

5971 

59 72 

5992 

599 3 

5994 

5995 

5996 

Initial distance between c. g. and c ,  g. 2, ft* 

Total cable area, sq in. * 
2" Cable elasticity, lb/in 

Initial spin speed, deg/sec* 

AG 
Y, n 

AG x, n 

One-half of length of box representing body 2 in motion picture 
output, in. * 

Length of arbitrary body-fixed axes i n' 
, one-half of length of box representing body 1 in motion pic- 

ture output, in. * 

jn, and kn, and 

Angle of rotation of !% axis out of projected plane of motion 
picture, rad t 

Angle of rotation of 2' and pT axes about the 3 axis,. rad t 

* 
This input is required for motion picture output only. -- -- 

'If these angles are both equal to zero, the Y'Z' plane will be parallel to each 
frame of the motion picture. 
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Data for the first of a series of runs to be made must include a card for all non- 
zero floating-point parameters as well as the card of fixed-point data. Data for suc- 
ceeding runs may omit any nonzero floating-point parameters which remain unchanged 
from the respective preceding run but must include the card of fixed-point data. 

General Output 

Table B-I relates the program output symbology to the symbols section of the 
paper. Time histories of the first 36 dependent variables (THETA1 to CABLE) (ta- 
ble B-I) will be output by the system printer for every run made. In addition to this 
fixed output format, two optional forms of output are available through the use of the 
S-C 4020 high-speed microfilm recorder. This option is controlled by two fixed-point 
numbers. The first of these options consists of nine graphs representing the time his- 
tories of the structural Euler angles, the pseudorigid body Euler angles, and the 
pseudorigid body length. The pseudorigid body Euler angles are subject to the following 
restrictions. 

The restriction on qRB concerns only the output values, that is, when the value of 
reaches 27r, a value of zero will be plotted, causing a discontinuity in the graph. 

If the S-C 4020 output section of the program is removed, as described previously, 
there will be no output record of either the structural Euler angles o r  the pseudorigid 
body Euler angles. This output may be retained by modifying the SUBROUTINE 
OUTAlD, as indicated by the applicable comment cards, and by making the following 
changes in the headings printed by the system printer. 

@RB 
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Original headings Modified headings 

THETA1 
PHI1 
THETA2 
PHI2 
XBR( 1) 
YBR( 1) 
ZBR(1) 
RPlP2(2) 

THETASTl 
PHIST 1 
THETAST2 
PHIST2 
PSIST 1 
PSIST 2 
THETRB ' 

PSIRB 

A second output option consists of an 8-millimeter motion picture of vehicle mo- 
tion during the run. The motion picture consists of two distinct parts. The first part 
shows pseudorigid body and arbitrary body axes motion during the run. The second 
part represents complete vehicle motion. The vehicle is simulated by two rectangular 
parallelepipeds connected by a single cable tied to the geometrical center of the two 
opposing faces. The length of each body is controlled by data input. Body width and 
height are set by the program to 0.6 of the body length. Both parts of the movie show a 
dotted refepence line in the X'Y' plane. This line is the projection of that part of the 

and c.g. and serves to give the viewer a qual- 2 pseudorigid body between c. g. comp 
itative idea of the magnitudes of + and ORB. Both parts of the movie also show a 
three-handed clock in  the upper right-hand corner. One revolution of the largest hand 
represents 1.0 second of vehicle motion. A revolution of the middle hand represents 
10.0 seconds, and a revolution of the smallest hand represents 100.0 seconds. The 
S-C 4020 generates one frame for every integration step; therefore, an integration step 
size of 0.04167 second wil l  result in a real-time movie. Motion picture output should 
be used with discretion since it greatly increases computer run time. 

- -  - -  

RB 

Sample Problem 

The vehicle configuration used for the sample problem was taken from refer- 
ence 1 and is shown in figure B-1 . Body 1 is manned, and body 2 is an empty booster 
casing. The launch weight of body 1 was approximately 19 000 pounds, which is within 
the Saturn C-1 payload capability. The spinning configuration of body 1 includes a 
small unmanned resupply vehicle and two Gemini capsules for emergency escape. 

Four sample runs were made. A copy of the input data cards for the runs is 
given in figure B-2. The data for each run are headed by the card containing eight 
fixed-point values for that run. The first three runs demonstrate how the program can 
be used to obtain the 
axes of body 1. The 

dominant response characteristics of the vehicle for the arbitrary 
forcing function used for run one was 

G = 1400 sin (1.5t) 
Y, 1 
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The pertinent output from this run is shown in figure B-3. This curve was output by 
the S-C 4020 and was used to obtain the point indicated on figure B-4. The forcing 
function used for run two was 

= 1400 sin (0. It) Gz, 1 

The pertinent output from this run is shown in figure B-5. This curve was used to ob- 
tain the indicated point on figure B-6. The forcing function used for run three was 

.. 
a = 30 sin (0, i5t) Gx, 1 

The pertinent output from this run is shown in figure B-7. This curve was used to ob- 
tain the indicated point on figure B-8. A complete linear analysis of the uncontrolled 
dynamic response of the vehicle is presented in reference 1. The additional response 
characteristics given in reference 1 can also be determined by the program presented 
here. The final sample run was made to demonstrate all available output formats. The 
forcing functions used for this run were 

and 

G = 4000 sin (0.25t) x, 1 

G = I 500 000 sin (0.25t) 
Y, 1 

G = 1 500 000 sin (0.25t) 
z,  1 

The first three sheets of printed output are shown in figure B-9. The nine graphs out- 

is given in figure B-11. The first two frames shown in figure B-11 appear prior to the 
motion pictures of the actual run and provide run identification information. The last 
two frames in figure B-11 were taken from the two types of movies produced during the 
run. 

”. put by the S-C 4020 are shown in figure B-10. Typical S-C 4020 motion picture output 

The sample runs presented illustrate only one of many possible applications of 
the program. The nonlinear approach and the generality of the subroutine structure 
make the program highly adaptable to any type of motion study desired. 
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TABLE B-I. - OUTPUT SYMBOLS 

P r o g r a m  output 
symbols 

TIME 

THETA1 

PSIRBD 

PHI 1 

THETA2 

THETRBD 

PHI2 

THETAB 

PSIB 

PHIB 

XBR( 1) 

YBR( 1) 

ZBR( 1) 

GAMMA 

ALPHA 

IAVB2 

THETABD 

PSIBD 

PHIBD 

XCG 

Program output 
symbols 

YCG 

ZCG 

XBR2CG 

YBR2CG 

ZBR2CG 

OMEGAXl 

OMEGAYl 

OMEGAZ 1 

OMEGAX2 

OMEGAYB 

OMEGAZ2 

RPlP2(  2) 

RPlP2(  3) 

RPlP2(  1) 

RPlP2(  4) 

FCABLEMAX 

CABLE 

THE TAST 1 

Variables 
represented 
_. - 
Y’ c .  g. 
- 
Z’ 

x 
Y 

Z 

52 

52 

c. g. 

c. g. 

c. g. 

c. g. 

x, 1 

Y2 1 

- 

- - 

- - 

52 

52 

52 

x2 2 

Y? 2 

z , 2  

pl, 2p2, 2 

pl, lP2, 1 

’1, 3’2, 3 

p1,4p2, 4 

c, max F 

f,  max C 
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in 

B 

TABLE B-I. - OUTPUT SYMBOLS - Concluded 

Program output 
symbols 

PHIST1 

PSIST 1 

THETAST2 

PHIST2 

PSIST2 

Variables 
represented 

%, 1 

%, 1 

Program output 
symbols 

THETRB 

PSIRB 

T 

X 

Y 

Z 

Variables 
represented 
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. - . - -  -- - - .  . - . 

. . . .  

k 
0 
y.( 

I 
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1 
1 
2 
3 
4 
5 
6 
10 
14 
18 
19 
20 
21 
22 
26 
30 
34 

111 
120 
972 
9-92 
140 
143 
144 
146 
147 
149 
150 
152 
153 
I55 
157 
158 
160 

163 
164 
166 
222 
223 
224 
225 
226 
227 
228 
229 
242 
243 
244 
245 
246 
247 
240 

141 

109 6 8 55 1 1 0 
5-2 
24+0 

1236+3 
1086+3 
2076+3 
10167-2 

1+0 
1+0 
1+0 
36+4 
876+3 

46417-3 
1+0 

1+0 
-207022-3 
453454-3 
2292-2 
2292-2 

1651192-3 
1199992-3 

1536-1 
1199992-3 
-1536-1 

1199992-3 
-1 536-1 

119999203 
1536-1 

1199992-3 
-1536-1 

1199992-3 
1536-1 

1199992-3 
1536-1 

1199992-3 
-1536-1 

a76+3 

i + a  

ia84-i 
1884-1 . 
1884-1 
1884-1 
1884-1 
1884-1 
1884-1 

-768-1 
768-1 
768-1 
-768-1 
-768-1 

768-1 

1884-1 

-768-1 

Figure B-2. - Input data for sample runs. 
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249 
262 
263 
264 
265 
26b 
267 
268 
269 
282 
2135 
284 
285 

287 
288 
289 
302 
3 0 3  

3 @ S  
306 
30 7 
308 
509  
322 
323 
324 
325 
326 
327 

329 
1202 
1 2 0 3  
1204 
1205 
1206 
1.207 
1208 
1209 
1222 
1223 
1224 
1225 
1226 
1227 
1228 
1229 
5957 
5992 
5 Y 9 3  
5994 

2ah 

304 

328 

7613-1 
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Figure B. 2. - Continued. 
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Figure B- 2. - Concluded. 
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Figure B-3. - Pertinent S-C 4020 output for sample run one. 
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Figure B-4. - Structural yaw frequency response of the vehicle. 
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c 

Figure B- 5. - Pertinent S-C 4020 output for sample run two. 
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Figure €3- 6. - Structural pitch frequency response of the vehicle. 
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Figure B- 7. - Pertinent S-C 4020 output for sample run three. 
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Figure B-8. - Structural roll frequency response of the vehicle. 
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Figure E- 10. - Pertinent S-C 4020 graphical output for sample run four. 
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Figure I% 10. - Continued. 
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Figure B- 10. - Continued. 
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Figure E 10. - Continued. 
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Figure E 10. - Continued. 
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Figure B- 10. - Continued. 
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Figure B- 10. - Continued. 
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Figure B- 10. - Continued. 
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Figure B- 10. - Concluded. 
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CABLE CONNECTEO SPACE STATION DYNAMICS 

WEIGHT OF BODY 1 = 39285 LBO 

WEIGHT OF BODY 2 = 17935 L8m 

INITIAL SPIN SPEED = 22.92 DEGe/SECo 

I N I T I A L  DISTANCE BETWEEN BODY CoGo'S= 137e6 FTo . 

CABLE ELASTICITY = 14583300 PSI  

TOTAL CABLE AREA = 0,1512 SQm IN, 

Figure B-11. - Typical S-C 4020 motion picture output for sample run four. 
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TORQUE ABOUT 4 = 125000 SINCOm25 T> FTm-LBm 

TORQUE ABOUT $ = 125000 SINCOm2S T I  FTm-LB. 

Figure B- 11. - Continued. 
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Figure B- 11. - Continued. 
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